ABSTRACT: The A-type Paleoproterozoic Bannach Granite belongs to the Jamon Suíte and cross-cut the Archean units of the Rio Maria Domain in the Carajás
INTRODUCTION
At the end of Paleoproterozoic and during the Mesoproterozoic Era, an intense magmatic activity has been reported in several cratonic areas of the world. These magmatic events are remarkable in the Amazonian Craton, where they include a huge volume of granitic and subordinate mafic plutonic rocks, associated with felsic, intermediate, and mafic volcanic rocks (Dall'Agnol et al. 1999a , and references therein). In the Carajas Province, the magmatism is Paleoproterozoic in age and has anorogenic character. It is represented by the Jamon, Velho Guilherme, and Serra dos Carajás suites (Dall'Agnol et al. 2005 ) and the Seringa (Paiva Jr. et al. 2011) , São João (Lima et al. 2014) and Gradaús (Carvalho 2017) granites.
The objective of this work was to study the mineralogy of the main facies of Bannach Granite (Duarte 1992 , a batholith hosted by Archaean granitoid rocks of Rio Maria Domain, southeast of Amazonian Craton. The pluton belongs to Jamon Suite, which is composed of oxidized A-type granites (Dall'Agnol et al. 2005 , Dall'Agnol & Oliveira 2007 . Petrographic, geochemical and magnetic petrology studies (Almeida et al. , 2007 allowed to determine the spatial distribution and geochemical characteristics of the facies in the pluton, as well as to estimate processes of magmatic differentiation. In addition, geophysical data indicated that the pluton is a sheeted, laccolithic body . However, the mineral chemistry investigation in Jamon Suite is restricted to Jamon Granite (Dall'Agnol et al.1999c) , and similar studies in the other plutons are still lacking.
Mineral chemistry is an important tool to estimate crystallization parameters of granitic magmas. The Al-in-hornblende geobarometer was proposed in the 1980s (Hammarstron & Zen 1986 , Hollister et al. 1987 , Johnson & Rutherford 1989 , Schmidt 1992 ) and was applied to several granitoid rocks (Anderson & Smith 1995; Lamarão & Dall'Agnol 2004 , Anderson & Morrison 2005 , Anderson et al. 2008 . Zircon saturation (Watson & Harrison 1983 , Miller et al. 2003 and amphibole-plagioclase (Blundy & Holland 1990) geothermometers have also been used to determine crystallization temperatures in many igneous rocks. Recent works are estimating or discussing crystallization parameters based on the chemical composition of the main mineral phases in granitoids rocks (Ridolfi et al. 2010 , Ridolfi & Rezulli 2012 , Erdmann et al. 2014 , Cunha et al. 2016 , Putirka 2016 , Mutch et al. 2016 , for specific evaluations of the Al-in-hornblende geobarometer). The oxygen fugacity that dominates during the magmatic evolution can be estimated using Fe/(Fe + Mg) ratios in amphibole and biotite, given this ratio is strongly dependent of oxygen fugacity (Anderson & Smith 1995 , Dall'Agnol et al. 1999b , 1999c , 2005 , 2017 , Anderson & Morrison 2005 , Dall'Agnol & Oliveira 2007 , Anderson et al. 2008 , Cunha et al. 2016 . The composition of primary magnetite-ilmenite pairs and the nature of Fe-Ti oxide minerals formed during the magmatic stage are also useful to establish constraints about the oxygen fugacity prevalent in crystallization (Ishihara 1981 , Wones 1989 , Frost & Lindsley 1991 , Frost 1991 , Clark 1999 , Dall'Agnol et al. 1997 , 1999b , 2005 , Dall'Agnol & Oliveira 2007 .
Thus, our approach has been to determine the compositions of the main minerals phases in the dominant facies of Bannach Granite, in order to estimate crystallization parameters prevalent during the petrological evolution of this pluton. In addition, we compare the obtained data with similar granites of the Carajás Province and of other cratons. Therefore, this work intends to contribute to a better mineralogical characterization of the Paleoproterozoic magmatism of Carajás Province and to clarify the petrological evolution of the oxidized A-type granites in general.
GEOLOGICAL SETTING
The Carajás Province (CP) is the most important Archean terrain of Amazonian Craton (Fig. 1A) . It was initially subdivided into Rio Maria Domain (RMD), in the south, and Carajás Domain (CD), in the north (Vasquez et al. 2008 ).
However, CD was recently divided into three different domains : ■ Sapucaia (2.95 to 2.73 Ga); ■ Canaã dos Carajás (3.0 to 2.73 Ga); ■ Carajás Basin (2.75 to 2.73 Ga).
Rio Maria Domain (3.0 to 2.86 Ga; Macambira & Lafon 1995; Fig. 1B ) is composed of greenstone belts (Andorinhas Supergroup; Huhn et al. 1988) , and four groups of Archean granitoids: ■ Tonalitic-trondhjemitic series (TTG) dated between 2.98 and 2.91 Ga, possibly in two different episodes (Almeida et al. 2011 ); ■ High-Mg granodiorites and associated rocks (sanukitoids; ca 2.87 Ga; Althoff et al. 2000 , Leite 2001 , Oliveira et al. 2009b ); ■ High-Ba and Sr calc-alkaline leucogranodiorites and leucomonzogranites (ca 2.87 Ga; Almeida et al. 2010) ; ■ Potassic leucogranites (ca 2.86 Ga; Almeida et al. 2013) .
In RMD (Fig. 1B) , Archean units are cut by the Paleoproterozoic anorogenic granites of Jamon Suite (Dall'Agnol et al. 2005 ). This suite is represented by six isotropic granites, Marajoara (Rocha Jr. 2004) , Jamon (Dall'Agnol et al. 1997 , 1999b , 1999c , Musa (Gastal 1987 , Dall'Agnol et al. 1999b , Manda Saia (Leite 2001) , Bannach (Huhn et al. 1988 , Duarte 1992 and Redenção (Montalvão et al. 1982 , Barbosa et al. 1995 , Oliveira et al. 2009a , 2010a . The granitic plutons have discordant contacts with the country rocks and were emplaced at high crustal level. These plutons are composed of A-type oxidized (Dall'Agnol et al. 1999b , 1999c , 2005 , Dall'Agnol & Oliveira 2007 ) monzogranites with subordinated syenogranites (Gastal 1987 , Dall'Agnol et al. 1999b , 2005 , Oliveira et al. 2009a .
The Archean country rocks were affected by contact metamorphism in the facies hornblende hornfels (Dall'Agnol et al. 2005) . U-Pb (TIMS), Pb-evaporation and Pb-Pb (whole-rock) data obtained for the Jamon Suite granites indicated that they crystallized around 1.88 Ga (Machado et al. 1991 , Barbosa et al. 1995 , Dall'Agnol et al. 1999a . Coeval mafic, intermediate and felsic dikes are associated with Jamon Suite (Gastal 1987 , Dall'Agnol et al. 2005 . the host Archean rocks. Almeida et al. (2006) and Oliveira et al. (2008) suggest that the Bannach batholith is a composite intrusion formed by three coalescent plutons oriented in the NW-SE direction.
Based on modal content of mafic minerals and texture, eight monzogranitic facies have been described in Bannach Granite . The less evolved granites facies tend to occupy the outer zones and the more evolved ones, the central area of the body (Fig. 1C) . These facies are: even-grained cumulate granite (CG), even coarse-grained biotite-amphibole monzogranite (cBAMz), even coarsegrained amphibole-biotite monzogranite (cABMz), porphyritic biotite monzogranite (pBMz), even coarse-grained leucomonzogranite (cLMz), early even medium-grained leucomonzogranite (EmLMz), late even medium-grained leucomonzogranite (LmLMz) and even fine-grained leucomonzogranite (fLMz). Petrographic features from a previous study are integrated with complementary observations in this work.
The CG are coarse-grained rocks occurring as enclaves with sharp contacts in the cBAMz. The latter is commonly associated with the cABMz and occurs as enclaves in the pBMz and fLMz facies. The cBAMz, cABMz and cLMz facies display a gradation from the more mafic to more felsic facies, that suggests evolution by fractional crystallization process. Rocks of the pBMz facies have locally rapakivi texture near Oliveira et al. 2009b; Almeida et al. 2011; (C) geological map showing the areal distribution of the main facies in the northern part of Bannach pluton , with the location of samples selected for microprobe analyzes. B A C gradational contacts with cLMz and around oval enclaves of cLMz which indicates mingling between these facies.
The fLMz rocks often occur as veins cross-cutting the cBAMz, cLMz, and pBMz, but transitional contacts between the fLMz and pBMz facies were also observed. The medium leucomonzogranites were divided into two facies. On the one hand, an earlier facies (EmLMz) occurs as enclaves in the cABMz without mingling evidence. On the other hand, the leucomonzogranites outcropping in oval structures in the central part of the pluton (Fig. 1C) were believed to be late in the crystallization (LmLMz) of Bannach Granite.
Geophysical studies demonstrated that the Bannach Granite is tabular in shape and evolved through three magmatic pulses . In the first stage, the magma ascent took place by dikes and originated the cBAMz and cABMz facies. In the second stage, the ascent of a younger and evolved magma happened, generating the pBMz and fLMz. In the third stage, annular faults served as channels for the migration and emplacement of the LmLMz.
Petrography
A detailed petrographic study of polished thin sections of 17 representative samples of the main facies exposed in the northern part of Bannach batholith was done. Optical microscopy was performed using transmitted and reflected light. Modal analyses (2,000 points on average per thin section) were performed by the authors (Tab. 1), but one available composition of the LmLMz was also employed . The rocks were classified according to the recommendations of the Subcommission on the Systematics of Igneous Rocks of the IUGS (Le Maitre et al. 2002) .
The QAP and Q -(A + P) -M' diagrams (Le Maitre et al. 2002) show that all the analyzed rocks can be classified as monzogranites (Fig. 2) . Except for the CG facies, all petrographic facies of Bannach are hololeucocratic to leucocratic and constituted by similar proportions of quartz, plagioclase and K-feldspar. Biotite is the dominant mafic mineral, found in all granite varieties; amphibole is abundant only in the CG and cBAMz facies and is scarce or absent in the leucomonzogranite facies. Zircon, titanite, apatite, allanite, ilmenite, and magnetite are the primary accessory phases. Chlorite, white micas, epidote, and fluorite occur as secondary phases.
In the Bannach Granite , the decrease of modal mafic mineral content from the less evolved facies to the leucogranites is followed by moderate increase of quartz content and simultaneous decrease of both, plagioclase/potassium feldspar ratio and anorthite content of plagioclase. This suggests that the Bannach Granite magmatic differentiation was controlled by fractional crystallization.
Due to the compositional and textural similarities between some Bannach facies, we are going to describe these rocks in three groups (see detailed description in Almeida et al. 2006 ).
Biotite-amphibole-bearing facies (CG, cBAMz, cABMz, cLMz) These rocks have equigranular coarse-grained hypidiomorphic texture with locally porphyritic texture. The K-feldspar modal content increases while mafic minerals contents decreases following the trend: CG-cBAMz-cABMz-cLMz (Tab. 1). Aggregates of mafic minerals and plagioclase are common in these rocks, especially in the CG and cBAMz. Crystals of calcic amphibole include fine-grained ferromagnesian amphibole derived from clinopyroxene (Fig. 3A) . These features are rare or absent in cABMz and cLMz where biotite is the dominant mafic mineral.
According to Almeida et al. (2006) , plagioclase compositions in this group range from sodic andesine (An 30 ) to calcic oligoclase (An 24 ) in the crystal core and sodic oligoclase (An 15 ) to pure albite (An 0 ) at the rim, showing a normal zoning. The evidences of a more evolved character of the cLMz are: amphibole occurs only as fine-grained relic crystals; chloritization of biotite is relatively more intense; granophyric textures are common; plagioclase crystals are more sodic (An ≤ 20).
Porphyritic biotite monzogranite (pBMz)
This facies consists of euhedral to subeuhedral phenocrysts of quartz, plagioclase, and K-feldspar with dimensions ranging from 2 to 20 mm immersed in a quartz-feldspar matrix (50 to 80% of the rock) with subordinate mafic mineral (Fig. 3B) . In the matrix, granophyric textures are common (Fig. 3C) . Occasionally, plagioclase phenocrysts show growth zones and evidence of normal zoning with altered calcic core and preserved sodic rim (Fig. 3D) . Almeida et al. (2006) observed that the composition of the plagioclase of the matrix is similar to that of the borders of plagioclase crystals of the biotite-amphibole bearing facies (sodic oligoclase to albite; An ). Embayed quartz phenocrysts frequently occur and indicate changes in the magmatic conditions causing destabilization of quartz, followed by a new crystallization stage in the matrix (Fig. 3E ). Mafic and plagioclase aggregates are noted, although they are scarce. Biotite chloritization is remarkable.
Medium-to fine-grained leucomonzogranites (EmLMz, LmLMz, fLMz) EmLMz has some amphibole (Tab. 1) and contains evidence of pseudomorphosed pyroxene, which suggest that this facies derived from less evolved melts than the LmLMz. In the latter, chloritized biotite is the main mafic mineral (Fig. 3F) , aggregates of calcic plagioclase with mafic minerals are not found and the plagioclase is more sodic and less altered than in previous facies. Muscovite and fluorite, as well as granophyric textures are relatively common in this facies. The fLMz facies presents fine-grained equigranular hypidiomorphic to xenomorphic texture. Biotite crystals are rare and often altered to chlorite.
MINERAL CHEMISTRY

Analytical Methods
Seven representative samples of the main facies of the Bannach pluton were selected for mineral chemistry analysis based on previous studies : GC (ADR136i), cBAMz (ADR-136C), cABMz (ADR-55A), cLMz (ADR-32B and ADR-32B-1) and LmLMz (ADR-140 and ADR-140-1). Only samples with available whole-rock chemical compositions were selected for mineral chemistry.
The analyzed minerals were amphibole, biotite, plagioclase, titanite, ilmenite, and magnetite. Initially, polished thin sections of the selected samples were carbon coated and then submitted to textural studies and semiquantitative chemical analysis by energy dispersive spectroscopy (EDS) in the Zeiss SIGMA-VP of the Microanalyses Laboratory of the Geosciences Institute of the Federal University of Pará. These data were used to select crystals for wavelength dispersive spectroscopy (WDS) quantitative analysis using a JEOL JXA-8230 microprobe at the same laboratory. WDS analysis were performed under the following operating conditions: a column accelerating voltage of 15 kV; a current of 20 nA; analysis time of 20s to 40s; and a beam diameter of 10µm for silicates and 5µm for oxides. Matrix effects were corrected by the ZAF method. The crystals used for the analysis were TAP for Na, Si, Al, and Mg; PETJ for Cr, Ca, K and Sr; LIFH for Ni, Fe, Mn, Ba, and Ti; PETH for Cl and V; and LDE1 for F. The standards used for instrument calibration were orthoclase (Si and K), anorthite (Al), wollastonite (Ca), Fe 3 O 4 (Fe), diopside (Mg), sodalite (Na and Cl), rutile (Ti), rhodonite (Mn), vanadium (V), Cr 2 O 3 (Cr) and biotite (F).
Amphibole
Amphibole structural formula was calculated based on 23 oxygen atoms, according to the methods of Leake et al. (1997) and Hawthorne et al. (2012) . The cations were collected into a set of 13 cations minus Ca, Na, and K (13-CNK) (Tab. 2) and 15 cations minus Na and K (15-NK) for amphiboles of the Fe-Mg-Mn-Li group (Suppl. Tab. A1). The Fe +3 /Fe +2 ratios were estimated based on charge balancing (Schumacher 1997) .
Calcic amphibole of CG and part of the amphiboles of the cBAMz facies are classified as ferro-hornblende (Leake et al. 1997) , with Mg/(Mg + Fe 2+ ) ratios ranging from 0.34 to 0.46 (Fig. 4A ). In the other facies, ferro-edenite compositions are dominant, whereas hastingsite (Leake et al. 1997) with Mg/ (Mg + Fe) ratios varying from 0.19 to 0.37 (Fig. 4B) is subordinate. In the Bannach Granite, amphibole evolution from GC to cBAMz and cABMz is marked by a decrease of Si and an increase of alkalis (Na + K) and Fe/(Fe + Mg) ratios (Tab. 2).
On the other hand, the composition of the calcic amphibole from cLMz facies overlaps with that of cBAMz facies (Fig.  4B) . Usually, the core and rim compositions of individual crystals also show significant variations. The core is slightly enriched in Si and Mg, and the rim is more alkaline and ferrous, sometimes with a transition from ferro-edenite to hastingsite (Tab. 2). In the analyzed amphiboles, OH and F contents are higher than Cl contents. Moreover, in the cLMz facies, F contents are higher when compared to other facies (Tab. 2).
Amphibole of Fe-Mg-Mn-Li group is common in CG, cBAMz, and cABMz facies and rare or absent in the other facies. It is classified as cummingtonite-grunerite (Leake et al. 1997) , based on composition and oblique extinction in thin section, and has Mg/(Mg + Fe 2+ ) ratios ranging from 0.43 to ~0.55 (Fig. 5 ).
Biotite
The structural formula was calculated on the basis of 22 atoms of oxygens and it was assumed that all iron is in the Fe 2+ state (Tab. 3). The biotite crystals of the Bannach Granite are ferroan and, in the LmLMz facies, they approach annite in composition (Fig. 6A) . They are divided into three groups: the first group is represented by the biotite of CG facies that has Fe/(Fe + Mg) ratio varying from 0.62 to 0.67. In the second, this ratio ranges from 0.72 to 0.80 and it comprises biotites of cBAMz, cABMz and cLMz facies. Lastly, the biotite of the third group has near annite composition [Fe/(Fe+Mg) Nachit et al. 1985) biotite of LmLMz facies plot in the transition between alkaline and sub--alkaline fields whereas those of other facies are limited to the alkaline field. In the (FeO t + MnO)-(10*TiO 2 )-MgO ternary diagram ( Fig. 6C ; fields of Nachit 1994), they plot in the magmatic primary biotite field. As noted for amphibole crystals, biotite grains of all facies have fluorine contents dominant over chlorine. However, in the cLMz, this contrast is less marked. The highest F contents is recorded in cABMz and, locally, in the LmLMz facies (Tab. 3). 
Plagioclase
Plagioclase crystals of all varieties of the Bannach Granite show normal zoning and general composition varying from oligoclase to albite (Figs. 7A, 7B , 7C, 7D), sometimes with sodic andesine cores (Tab. 4). The results obtained show that plagioclase composition overlaps with those estimated by petrographic methods for the Bannach Granite and determined in the case of the Jamon Granite (Dall'Agnol 1982 , Dall'Agnol et al. 1999b , 1999c . In this study, in the core of early plagioclase aggregates observed in the CG, cBAMz, and cABMz facies, anorthite contents range between An 38 and An 23 and more sodic oligoclase compositions are observed in plagioclase rims. Similar sodic oligoclase compositions are found in the core of cLMz and LmLMz. In the cLMz and LmLMz facies plagioclase rims have albite composition (An 6.1 to An 2.8 ).
Assuming a magmatic model similar to that proposed for the Jamon Granite (Dall'Agnol 1982), it can be admitted that the more calcic plagioclase cores of less evolved facies were generated in an initial magmatic stage at high-pressure conditions. In a next step, after rapid magma ascent and fall of pressure, early plagioclase was destabilized and sodic rims started to crystallize. This stage took place simultaneously with the formation of the plagioclase cores of the more evolved facies (pBMz, cLMz, EmLMz, LmLMz, and fLMz). The more sodic plagioclase of LmLMz facies could be derived from a highly differentiated or independent melt, distinct from those which generated the other facies of Bannach Granite .
Titanite
In the Bannach Granite, titanite occurs as subhedral crystals often associated with biotite and opaque minerals. It shows Fe/ Al ratios between 0.48 and 0.57 which, according to Kowallis et al. (1997) , are correlated with titanite from plutonic rocks with quartz (Suppl. Tab. A2). According to Dall'Agnol et al. (1999c) , in the Jamon Granite, titanite is stable under relatively oxidizing conditions and its formation is related to a peritetic reaction involving the destabilization of the amphibole in a late magmatic stage. This can also be applied to the crystallization of titanite in the Bannach Granite.
Ilmenite
Four textural types of ilmenite were reported in the Bannach Granite, which are analogous to those described for the Jamon Granite (Dall'Agnol et al. 1997) . The most common is trellis ilmenite (T Ilm) present in all analyzed facies of the Bannach Granite. It occurs as intergrowths with magnetite (Figs. 8A, 8B ) and is resulted from oxidation-exsolution of primary titanomagnetites during or after magmatic crystallization (Buddington & Lindsley 1964, Haggerty A: primary magmatic biotite; B: reequilibrated magmatic biotite. Table 4. 1991). In the beginning of the oxi-exsolution process, the T Ilm lamellae are fine (Fig. 8A ) and the magnetite forming the intergrowths is relatively enriched in Ti (Suppl. Tab. A4, see C3_2-2 e C1_1-3 analysis). In more advanced stages, the size of ilmenite lamellae increases and Ti contents in the magnetite decrease (Fig. 8B) (Haggerty 1991 ). Another kind of textural variety is patch ilmenite (P Ilm) corresponding to the irregularly shaped ilmenite that occurs at the rim of crystals with magnetite-T Ilm intergrowths or along the contacts of two distinct oxide crystals (Fig. 8C) . The third variety is composite ilmenite (C Ilm), which is associated with magnetite crystals and generally subhedral (Fig. 8D) . Finally, individual ilmenite (I Ilm) is subhedral to euhedral (Fig 8E) and occurs dissociated from magnetite. In the Jamon Granite, I Ilm and C Ilm are early crystallized (Dall'Agnol et al. 1997) . This is also probably true in the case of Bannach Granite, even if there is no accentuate compositional contrast between the different textural varieties of ilmenite (Suppl. Tab. A3).
Magnetite
During the slow cooling of a granitic magma, the original crystals of titanomagnetite are affected by oxy-exsolution process and hardly preserve their primary composition (Buddington & Lindsley 1964 , Haggerty 1991 . Through this process, the solid solution of magnetite and ulvospinel is transformed into magnetite and T Ilm intergrowths (Mt + T Ilm) that replace the primary titanomagnetite crystal. Mt + T Ilm is the main kind of magnetite in Bannach Granite (Figs. 8A, 8B) . It is impoverished in Ti when associated with thicker lamellae of T Ilm (Suppl. Tab. A4, see C3_1-5 analyse). A second type is composite magnetite (Mt + C Ilm; Fig. 8D ). Mt + C Ilm and Mt + T Ilm do not show marked compositional differences (Suppl. Tab. A4), although, in the same sample, Mt + C Ilm shows TiO 2 contents slightly higher than Mt + T Ilm. The third variety of magnetite is not associated with ilmenite and is homogeneous (Hom Mt). It occurs associated with cummingtonite-grunerite crystals (Fig. 8F ) and has a composition close to pure magnetite (Suppl. Tab. A4). 
DISCUSSION
Estimation of crystallization parameters of the Bannach Granite
Temperature Watson and Harrison (1983) developed an experimental study to evaluate the zircon saturation behavior in intermediate to felsic anatetic crustal melts and created a formula using the temperature (T) and melt composition (M) to estimate the required solubility of Zr in the magma for the zircon saturation (Eq. 1):
Where: D Zr = coefficient of Zr distribution between zircon and melt; M = (Na + K +(2Ca)/(Al·Si); T = temperature in Kelvin degrees.
After, Miller et al. (2003) presented the formula proposed by Watson and Harrison (1983) as follows (Eq. 2):
T Zr = 12,900/[2.95 + 0.85M + ln(496,000/Zr melt )]
Where: Zr melt = the concentration (ppm) of Zr in whole rock.
Recently, Boehnke et al. (2013) , using modern experimental techniques, re-evaluated the experimental data obtained by Watson and Harrison (1983) and extended the observations to pressures reaching 25 kbar. The authors concluded that their new model was not significantly different from the original of Watson and Harrison (1983) , but could be applicable in pressures up to 25 kbar and in temperatures decreasing up to 700ºC.
The proposed geothermometer equations were applied for the calculation of crystallization temperatures using whole-rock compositions of the Bannach Granite . The maximum and minimum temperatures obtained for each facies are recorded in Tab. 5. This geothermometer was not applied for the cumulate facies (CG) because its composition does not correspond to a possible magmatic liquid. The zircon saturation thermometer provided relatively high temperatures ranging from 943 to 845ºC (Tab. 5) for the cBAMz, cABMz, and pBMz facies and comparatively lower values for the leucogranites (857 to 795ºC). Zircon is an early crystallized mineral in the different facies of Bannach Granite. Therefore, the results obtained are indicative of near-liquidus temperatures for the different facies. Blundy & Holland (1990) proposed a geothermometer by using the pair plagioclase and calcic amphibole. The experiments, done in natural and synthetic amphiboles, indicated that the Al IV content of the amphibole is strongly influenced by temperature. Their geothermometer would be suitable for amphiboles with up to 7.8 Si pfu and plagioclase with anorthite content less than An 92 . Thus, the composition of Bannach Granite is adequate for application of the geothermometer of Blundy and Holland (1990) A pressure value (P) of 3 kbar, obtained with the geobarometer of Mutch et al. (2016) -see "Pressure and depth of emplacement" item -was used for temperature calculations. For the amphibole-biotite bearing facies the calculated temperatures range from 807 to 733ºC, whereas in the cLMz facies, which presents a very low modal proportion of amphibole, they vary from 740 to 733ºC (Tab. 5). It should be considered that the temperatures given by this geothermometer are indicative of near-solidus temperatures and the estimated error is ± 75ºC (Blundy & Holland 1990) . Ridolfi et al. (2010) and Ridolfi and Rezulli (2012) proposed geothermometers calibrated from the concentration of main oxides of amphiboles, resulting an error of ≥ 50ºC. Their models are applicable to amphibole-bearing granites derived from calc-alkaline to alkaline magmas with high or low water content formed under moderately reduced to moderately oxidized conditions. To estimate the crystallization temperature of Bannach Granite, the geothermometer proposed by Ridolfi et al. (2010) was employed. Moreover, the geothermometer of Putirka (2016; [Eq. (4) ]) using calibrated natural and experimental calcic amphibole data from Ridolfi et al. (2010) , with an estimated error of ± 30ºC, was also applied (Tab. 5). 
The obtained temperatures for the cBAMz and cABMz facies by the different geothermometers show large variations. Tab. 5 displays the temperature values obtained for these facies by using the different methods. The maximum values are given by the zircon geothermometer. Compared to the zircon temperatures, those given by the geothermometer of Ridolfi et al. (2010) show a moderate decrease and 
Pressure (kbar)
Hammarstron & Zen (1986) : P (± 3 kbar) = -3.92 + 5.03 Al t ; Hollister et al. (1987) : P ( ± 1 kbar) = -4.76 + 5.64 Al t Johnson & Rutherford (1989) : P (± 0.5 kbar) = 4.23 Alt -3.46; Blundy & Holland (1990) : P (kbar) = 5.03 Al t -3.53; (1992) : P (± 0.6 kbar) = 4.76Alt -3.01; et al.(2016) : P (± 0.5 kbar) = 0.5 + 0.331(8) * Al t + 0.995(4) * (Al t ) 2 Note: Only analyzes in crystal rim were used for amphibole pressure and temperature calculations; CG: even-grained cumulatic granite; cBAMz: even coarsegrained biotite-amphibole monzogranite; cABMz: even coarse-grained amphibole-biotite monzogranite; pBMz: porphyritic biotite monzogranite; cLMz: even coarse-grained leucomonzogranite; EmLMz: early even medium-grained leucomonzogranite; LmLMz: late even medium-grained leucomonzogranite; fLMz: even fine-grained leucomonzogranite.
Schmidt
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those resulting from Putirka (2016) and Blundy and Holland (1990) geothermometers an accentuate decrease. Besides, in the cLMz facies, the temperatures obtained by the geothermometer of Blundy and Holland (1990) are lower than those calculated by other methods. This is probably due to the markedly more sodic composition of the plagioclase.
Pressure and depth of emplacement
The classical empirical Al-in-amphibole geobarometer of Hammarstron and Zen (1986) and Hollister et al. (1987) is based on the principle that the Al t content in amphibole has a positive relationship with the pressure. It is applicable to intermediate to felsic rocks in which an equilibrium of eight mineral phases plus residual liquid and volatile at the end of their crystallization occurs. In turn, Johnson and Rutherford (1989) formulated a geobarometer based on experiments developed in presence of a fluid phase formed by mixed H 2 O-CO 2 . Blundy and Holland (1990) also carried out experimental studies and concluded that the concentration of Al IV in amphiboles is more sensitive to temperature than to pressure. Schmidt et al. (1992) developed a geobarometer from experimental calibration of the assemblage amphibole + biotite + plagioclase + orthoclase + quartz + titanite, and Fe-Ti oxides + residual liquid + volatiles. Anderson and Smith (1995) stated that pressure calculation is affected by temperature and concluded that the Al-in-amphibole geobarometer was not suitable for high Fe/(Fe + Mg) rocks formed under reduced conditions, and for amphiboles with Fe# > 0.65. More recently, new geobarometers based on the Al content of calcic amphibole were proposed (Ridolfi et al. 2010 , Ridolfi & Rezulli 2012 . However, Erdmann et al. (2014) concluded that the geobarometers provided by these authors would reflect more compositional variations of the magma than pressure effects. Putirka (2016) also made restrictions to the use of Al-in-amphibole geobarometers, except in those cases where the constraints indicated by Anderson and Smith (1995) are taken into account.
Finally, Mutch et al. (2016) developed a geobarometer integrating selected experimental data from the literature with a wide range of new experimental data. Their calibration was performed at near-solidus temperatures and over a large range of pressures from 0.8 kbar, close to the minimum pressure of amphibole stability, down to 10 kbar. This geobarometer is applicable in a large variety of granitoid rocks containing the mineral assemblage amphibole + plagioclase (An 15-80 ) + biotite + alkali feldspar + quartz + magnetite + ilmenite/titanite + apatite. Such mineral association is found in the Bannach Granite, and thus we can use this geobarometer to unravel its pressures of emplacement.
To go far in the evaluation of the applicability of that geobarometer for rocks of the Bannach Granite, the compositions of the amphiboles studied here are compared with those of Mutch et al. (2016) . Despite a slightly higher content of Al IV in Bannach Granite, the diagrams show that the compositions of amphibole from cBAMz, cABMz, and cLMz facies are similar to those of Mutch et al. (2016; experimental and natural material) , and mainly for the sample of granodiorite FSC1332 (Figs. 9A, 9B,  9C) . Additionally, as noted by Mutch et al. (2016; Tab. 2) , the rocks selected by them for experimental studies present lower Al 2 O 3 content than the typical Cordilleran calc-alkaline associations, and this is also observed in the Bannach and Jamon Suite granites (Dall'Agnol et al. 1999b , 1999c 2005) .
The equation proposed by Mutch et al. (2016) to calculate the emplacement pressure is (Eq. The results obtained by the applied geobarometers show significant differences (Tab. 5). The geobarometers of Blundy and Holland (1990) , Schmidt (1992) , Hammarstron and Zen (1986) , and Hollister et al. (1987) provided averaged pressures of ca 4 ± 0.5 kbar, whereas those of Johnson and Rutherford (1989) and Mutch et al. (2016) indicate pressures around 3 ± 0.5 kbar. Aiming to estimate the pressure, amphibole compositions of Bannach Granite were plotted in the diagram P (kbar) x Al tot ( Fig. 10 ; based on Mutch et al. 2016 and their Fig. 10C ). In this figure, the experimental data of Johnson and Rutherford (1989) , Schmidt (1992) , and Mutch et al. (2016) are also shown. The compositions of Bannach amphibole are more compatible with the experimental data of Mutch et al. (2016) and Johnson and Rutherford (1989) , diverging to some extent from those of Schmidt (1992) .
Given that the various facies of Bannach are exposed at the same topographic level and there is no evidence of tectonic displacement , we conclude that a emplacement pressure of about 3 ± 0.5 kbar can be assumed for the granite. This value is compatible with the geological setting of the Bannach Granite and it is coincident with that estimated for the Jamon Granite (Dall' Agnol et al. 1999c) .
In extensional tectonic settings, magmatic intrusions are generally laccoliths, as exemplified by the classical rapakivi granite plutons (Vigneresse 2005) . Geophysical gravity survey indicated that the Bannach Granite is 2.2 km thick . On the other hand, the pressures obtained indicate an emplacement depth around 11.1 ± 1.9 km for the pluton and an erosion of approximately 10 km of crust can be estimated (until the exhumation of the pluton). Moreover, accepting the model proposed for the Jamon Suite, in which the magmas were generated at the base of the continental crust by partial melting caused by underplating of mafic magmas (Dall'Agnol et al. 2005; Oliveira et al. 2008 Oliveira et al. , 2010a , it can be concluded that the estimated emplacement depth was different from the depth of Bannach magma generation.
Oxygen fugacity (ƒO 2 ) Almeida et al. (2006) estimated that the Bannach Granite would have formed under oxygen fugacity conditions similar the other oxidized A-type granites of the Jamon Suite from Carajás Province (Dall'Agnol et al. 2005) . Amphibole and biotite compositions and the assemblage of Fe-Ti oxide minerals have been commonly utilized to estimate oxygen fugacity during magmatic evolution because they are strongly dependent of ƒO 2 (Carmichael 1966 , Ishihara 1981 , Wones 1989 , Carmichael 1991 , Frost & Lindsley 1991 , Frost 1991 , Clark 1999 , Dall'Agnol et al. 1997 , 1999b , 2005 , Dall'Agnol & Oliveira 2007 .
In the Fe/(Fe + Mg) vs. Al IV diagram, calcic amphiboles of Bannach Granite plot in the field of intermediate ƒO 2 except for some samples of CG facies which plot in the high fugacity field (Fig. 11A ). In the Al IV + Al VI vs. Fe/(Fe + Mg) plot, the biotite of CG, cBAMz, cABMz, and cLMz facies shows Fe/ (Fe + Mg) ratios similar to those observed in the Proterozoic anorogenic magnetite series granites of Laurentia ( Fig. 11B ; fields of Anderson & Bender 1989 ; biotite variations in the ilmenite and magnetite series, as suggested by Anderson et al. 2008) . Additionally, that diagram suggests oxygen fugacity conditions between FMQ and FMQ + 1 for the Bannach pluton, corresponding to low oxidizing conditions. However, the constant presence of magnetite associated with magmatic titanite and the amphibole compositions (Fig. 11A) are indicative of crystallization under more oxidizing conditions (Frost & Lindsley 1991 , Wones 1989 , Dall' Agnol et al. 1999c , Frost et al. 2000 . Dall'Agnol et al. (1997 , 1999c ) estimated fugacity conditions a little higher than the NNO buffer (NNO + 0.5) for the Jamon Granite crystallization. The Jamon and Bannach granites show petrographic and mineralogical analogies, particularly regarding the Fe-Ti oxides assemblage and amphibole composition (Fig. 11A) . Nevertheless, the biotites of the cBAMzc, cABMzc, and cLMz facies, have a slightly higher Fe/(Fe + Mg) ratio than those of the Jamon Granite (Fig. 11B) . It suggests that Bannach Granite may have crystallized under a little lower oxygen fugacity (NNO to NNO-0.5) compared to that admitted for Jamon Granite.
A different behavior is observed in the LmLMz facies of Bannach Granite, which despite having magnetite exhibits very high Fe/(Fe + Mg) ratios (0.89 to 0.91) in biotite. As a result, it plots in the field of the ilmenite series (Fig. 11B ) and reveals analogies with granites formed under reduced Johnson & Rutherford (1989) , Schmidt (1992) and Mutch et al. (2016) are also plotted for comparison. The diagram indicates 3 ± 0.5 kbar pressures (based on Mutch et al. 2016 , Fig. 10C ) for the Bannach Granite emplacement.
conditions (Anderson & Smith 1995 , Anderson et al. 2008 , Dall'Agnol et al. 2005 , Cunha et al. 2016 . Almeida et al. (2006) had highlighted that the LmLMz facies differs from other Bannach facies, not only in field occurrence but also in the geochemical behavior of Y and rare earth elements (REE). Furthermore, that facies does not show a clear relation with other facies in terms of magmatic differentiation. Considering these evidences, they concluded that the LmLMz facies should be a product of independent magmatic pulses. The new mineralogical data presented in this work reinforce this hypothesis since they indicate that the LmLMz was derived from a more reduced source compared to that of other Bannach facies.
Water content
Like pressure, temperature and oxygen fugacity, the water content has a direct influence in mineral stability. The amphibole, for example, is extremely dependent of this parameter (Dall' Agnol et al. 1999c , Klimm et al. 2003 . Oliveira et al. (2010c) studied a granodiorite with high modal amphibole content and their experiments at T between 950-680ºC estimated a minimum water content in the magma of 7 wt.%. In a similar way, experiments carried out at 300 MPa and oxidizing conditions in the Jamon Granite showed that a minimum content of ~4.5 up to ~6.5 wt.% of water was necessary to assure magnetite + hornblende + plagioclase stability during its initial crystallization stage (Dall'Agnol et al. 1999c) . Cunha et al. (2016) , based on the stability of amphibole, estimated a minimum content of 4 wt.% of water in the Planalto Granite magma. Thus, by analogy with Jamon Granite, a magma water content between 4.5 and 6.5 wt.% can also be considered for Bannach Granite, once mineral association, crystallization history, and emplacement pressure are similar in both granites.
Comparisons with other A-type Paleoproterozoic granites of Carajás Province
We have selected A-type Paleoproterozoic granites of the three suites from Carajás Province for comparisons (Dall'Agnol et al. 1999c , Dall'Agnol et al. 2005 . As discussed before, Bannach Granite is akin to the granites of Jamon Suite (Dall'Agnol et al. 2005) . In the less evolved facies of the Bannach Granite and the Jamon Suite, ferroan biotite and amphibole are the main mafic minerals and titanite and magnetite are primary accessory minerals.
The amphiboles of Jamon Suite are ferro-edenite to edenite (Dall'Agnol et al. 2005) while in Bannach Granite, they are ferro-edenite to ferro-hornblende and, rarely, hastingsite. The Fe/(Fe + Mg) ratios of calcic amphibole of Jamon pluton range from 0.47 to 0.65 in the hornblende-biotite monzogranites and between 0.60 to 0.73 in the (hornblende)-biotite monzogranites. These ratios are similar to those obtained in calcic amphiboles from Bannach (Fig. 11A) . The amphiboles of Serra dos Carajás and Velho Guilherme Suite are hastingsite with Fe/(Fe + Mg) ratios ranging, respectively, from 0.85 to 0.94 and 0.74 to 0.85 higher than those of the Anderson et al. (2008) . Amphiboles and biotites of the A-type Paleoproterozoic granites from Carajás Province (Dall'Agnol et al. 2005) and Mesoproterozoic Granites of the Laurentia (Anderson & Smith 1995 , Frost et al. 1999 and Fennoscandia (Rämö & Haapala 1995 , Elliott 2001 , Kosunen 2004 ) are plotted for comparison. B A studied granite (Fig. 11A) . Ferromagnesian amphiboles are product of alteration of clinopyroxene and were described in several plutons of the Jamon Suite (Gastal 1987 , Dall'Agnol 1982 . They have also been described in Bannach Granite and classified as cummingtonite and grunerite.
Estimated temperatures for Bannach Granite (Tab. 5) are consistent with those for the hornblende-biotite monzogranite facies of Jamon Granite, in the range of 870 to ~700ºC (Dall'Agnol et al. 2005) . Otherwise, the hornblende-biotite monzogranite facies of the Serra dos Carajás and Velho Guilherme suites indicate liquidus temperature (~850ºC) lower than that of Jamon Suite and are distinguished from the latter by the absence of clinopyroxene and occurrence of less calcic plagioclase (Dall'Agnol et al. 2005) .
Al-in-amphibole geobarometers indicate emplacement pressures similar for Bannach and Jamon plutons. It was not possible to use Al-in-amphibole geobarometers for the Serra dos Carajás and Velho Guilherme because they have high Fe content (Anderson & Smith 1995) . However, geological evidence suggests a lower pressure (2 ± 1 kbar, Serra dos Carajás; 1 ± 0.5 kbar, Velho Guilherme; Dall'Agnol et al. 2005) for the emplacement of these suites.
In terms of oxygen fugacity, the compositions of Bannach amphibole suggest conditions similar to those of Jamon oxidized granite, although the calcic amphiboles of Bannach Granite are slightly enriched in Al IV (Fig. 11A) . The composition of Bannach biotite reveals that the CG present lower Fe/ (Fe + Mg) ratio and, therefore, are comparatively more oxidized than the cBAMzc, cABMzc and cLMzc facies, which are in the transition between the magnetite and ilmenite series (as estimated by Anderson et al. 2008) . Conversely, the LmLMz facies is reduced because its biotite has high Fe /(Fe + Mg) ratios (0.89 to 0.91, see Fig. 11B ), and plots in the ilmenite series domain. Besides, it has higher Al tot contents than the other facies of the Bannach Granite and also Jamon Granite (Fig. 11B) . The amphibole composition of Bannach Granite indicates that, during the crystallization of the magma, fugacity conditions overlapped with those estimated for similar facies of the Jamon Granite (NNO + 0.5; Dall'Agnol et al. 1997 , 1999c , though Fe/(Fe+Mg) ratios in biotite reveal ƒO 2 slightly more reducing (NNO to NNO-0.5). Besides, the LmLMz facies was apparently generated under reduced conditions, because its biotite is similar in composition to those of the Cigano (Serra dos Carajás Suite) and Antônio Vicente (Suite Velho Guilherme) granites. content of their amphiboles limits the application of the Al-inamphibole geobarometer (Anderson & Smith 1995) and such pressures appear overestimated. Emplacement pressures below 2 kbar are more likely in the case of Wolf River (Anderson & Smith 1995) and, based on geological evidence (see discussion in Elliot 2001), probably would also not be higher than 2 kbar in the case of Wiborg. Therefore, these granites were formed under more reducing conditions and were probably emplaced at lower pressures than the Bannach pluton. On the other hand, considering the aforementioned mineral and chemical characteristics, the evidence of its formation under reducing conditions (Fig. 11B) , the LmLMz facies of Bannach Granite approaches the ilmenite series granites of Laurentia and the rapakivi granites of Finland.
CONCLUSIONS
The Bannach Granite has calcic amphibole (ferro-hornblende and ferro-edenite, locally hastingsite) with Fe/(Fe + Mg) ratio ranging from 0.53 to 0.81, and subordinate cummingtonite-grunerite with Fe/(Fe + Mg) ratio in between 0.45 and 0.57. The biotite has Fe/(Fe + Mg) ratio > 0.60 and this ratio increases along the trend: GC → cBAMz → cABMZ → cLMz → LmLMz and approaches annite composition in the latter variety. The plagioclase presents normal zoning with andesine sodic or calcic oligoclase cores and sodic oligoclase rims in less evolved facies and calcic to sodic oligoclase cores with albite rims in the more evolved facies.
Titanite exhibit Fe/Al ratios between 0.48 to 0.57, and together with textural evidence, this indicates its magmatic origin. Magnetite and ilmenite are present in all facies of the granite. The most common textural variety of ilmenite is trellis, though patches, composite, and individual ones also occur. Magnetite forms intergrowths with trellis ilmenite, associated with composite ilmenite or occurring as homogeneous crystals. There are no expressive compositional contrasts between the textural varieties of ilmenite. The magnetite is always Ti-poor, and the homogeneous crystals are associated with cummingtonite-grunerite and are practically devoid of Ti.
The magmas of the Bannach Granite were formed at high temperatures. The estimated near-liquidus temperatures vary between 943 and 795ºC and the near-solidus temperatures between 807 and 732ºC, in both cases decreasing from the more mafic to the more felsic facies. Emplacement pressures of 3 ± 0.5 kbar (11.1 ± 1.9 km) are estimated for the pluton.
Based on mineralogical characteristics and analogies with the Jamon Granite, a water content of ~4.5 to 6.5 wt.% was estimated in the dominant magma of Bannach Granite. The Fe/(Fe + Mg) ratios of amphibole and the presence of magnetite and magmatic titanite suggest that the amphibole-bearing Bannach granites crystallized under moderately oxidizing conditions, slightly above nickel-nickel-oxide (NNO) buffer similar to those of Jamon magmas, but biotite compositions point to slightly more reducing conditions. Hereby, we propose that the crystallization of the dominant facies in the Bannach occurred under oxygen fugacity conditions corresponding to NNO to NNO-0.5. Although also containing magnetite, the LmLMz represents an exception due to its high Fe/(Fe + Mg) ratio in biotite and crystallized under lower oxygen fugacity compared to the other Bannach facies.
When compared to the A-type Paleoproterozoic granites from Carajás Province, Bannach Granite shows strong similarity with the oxidized A-type granites of Jamon Suite and presents marked differences in relation to moderately reduced or reduced granites of the Serra dos Carajás and Velho Guilherme suites, respectively. In turn, the LmLMz facies is an exception due to their ƒO 2 analogies with the reduced granites of the province.
Among the A-type granites of other cratons selected for comparison, Bannach Granite shows higher similarity with the granites of the magnetite series of Laurentia (USA) crystallized under moderately oxidizing conditions. The Mesoproterozoic Wolf River Batholith of the ilmenite series from Laurentia (USA) and the Fennoscandian rapakivi granites differ from the dominant facies of Bannach Granite, because they were formed in reduced fugacity conditions.
